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Background: The mesenteric circulation has an extensive collateral network. Therefore, stenosis in one or more mesenteric
arteries does not necessarily lead to symptoms. The objective of this study was to determine the effect of collateral ﬂow on
celiac artery (CA) and superior mesenteric artery (SMA) duplex parameters.
Methods: Between 1999 and 2007, a cohort of 228 patients analyzed for suspected chronic mesenteric syndrome was
studied. Stenosis of the mesenteric vessels and collateral ﬂow patterns were identiﬁed on angiography and categorized.
The effect of stenosis in one mesenteric vessel and the presence of collaterals from the other unaffected vessel was
examined in both the CA and SMA.
Results: Stenosis of the CA resulted in a signiﬁcantly higher peak systolic velocity (PSV) and end-diastolic velocity in the
normal SMA without stenosis. This was also found for the CA without stenosis in the presence of a stenosis of the SMA.
An incremental effect of the severity of the CA stenosis was found with a mean SMA PSV of 158 cm/s when normal and
259 cm/s when occluded. The presence of collaterals had a clear effect on duplex parameters of the angiographically
normal SMA. In the presence of collaterals and a 70% CA stenosis, the PSV in the normal SMA was signiﬁcantly higher
(P [ .025).
Conclusions: This study shows that stenosis in either the CA or SMA increases ﬂow velocities in the other unaffected
mesenteric artery. This increase was correlated with the presence of collaterals. Collaterals and stenoses in one of the
mesenteric arteries may lead to mimicking or overgrading of stenosis in the other mesenteric artery. (J Vasc Surg
2014;60:111-9.)Although arterial stenosis of the mesenteric circulation
is common, ischemic complaints develop in a minority of
patients. This is illustrated by the low estimated incidence
of symptomatic stenotic disease, or chronic mesenteric
ischemia, of 2.8 per 100,000 persons per year,1 despite a
high prevalence of chronic mesenteric disease of 3% to
18% in the few available large series.2-5 The development
of ischemic complaints does not depend on vessel stenosis
alone. We have demonstrated the presence of ischemia, and
successful treatment, in single-vessel involvement.6,7 In
contrast, patients with two diseased vessels may remain
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://dx.doi.org/10.1016/j.jvs.2014.01.063extensive collateral vascular pathways of the mesenteric cir-
culation.8-12 These mesenteric collaterals, embryonic rem-
nants of vessels connecting the celiac artery (CA),
superior mesenteric artery (SMA), and inferior mesenteric
artery (IMA), can develop within one mesenteric artery
outﬂow, between two mesenteric arteries, or between
mesenteric and parietal or body wall vessels. The most
common collateral pathways found between the CA and
the SMA are the pancreaticoduodenal arcades and occa-
sionally the arc of Buhler. Common connections between
the SMA and the IMA include the marginal artery of
Drummond and the more centrally located arc of Riolan.13
Although it is widely assumed that the abundant collateral
network prevents development of symptomatic ischemic
complaints in most subjects,8,12 the relation between ste-
nosis and collateral ﬂow changes has not been established.
In the carotid circulation, the role of compensational
blood ﬂow has been well demonstrated in unilateral occlu-
sion.14-16 It was shown that the blood ﬂow on the side of
the internal carotid artery occlusion indeed depends on
collateral vessels. The middle cerebral artery ﬂow territory
depended on increased ﬂow in the vertebrobasilar arteries,
and the anterior cerebral artery ﬂow territories depended
on the collateral ﬂow by the unaffected internal carotid ar-
tery. Another effect of this increased collateral ﬂow is over-
estimation of stenosis severity on the contralateral carotid
artery if the standard ﬂow velocity criteria are used.17,18
In the mesenteric circulation, data on collateral ﬂow
patterns and compensational ﬂow are limited. An animal
study of Boley et al19,20 demonstrated that occlusion of111
Fig 1. Studied collaterals between mesenteric arteries. CA, Celiac
artery; GDA, gastroduodenal artery; HA, hepatic artery; IMA,
inferior mesenteric artery; LGA, left gastric artery; PDA, pan-
creaticoduodenal artery; RA, renal artery; SA, splenic artery; SMA,
superior mesenteric artery.
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IMA. A small human study showed that SMA occlusion
in ﬁve patients (three isolated cases of SMA occlusion
and two with CA and SMA occlusions) was associated
with an increase in IMA blood ﬂow in all.21 From a large
cohort of patients referred for potential symptomatic
mesenteric stenoses, we investigated the effect of a stenosis
in a single mesenteric artery on the blood patterns and
collateral pathways by duplex ultrasonography and digital
subtraction angiography. Mesenteric duplex and cutoff
values have been described initially by Moneta22 and in pa-
tients with suspected chronic mesenteric ischemia by
AbuRahma et al23 and recently by our group.24 We hy-
pothesized that stenosis of one of the main mesenteric ves-
sels, CA or SMA, might lead to increased compensatory
blood ﬂow in the unaffected vessel, probably related to
collateral network development.
METHODS
In the period 1999 to 2007, 779 consecutive patients
presented to our tertiary referral center for evaluation and
possible treatment of chronic mesenteric ischemia. Patients
were analyzed for chronic mesenteric ischemia as described
before. All patients underwent standard workup including
structured medical history, assessment of vessel anatomy,
and function testing as previously described.25 The ﬁnal
diagnosis was made by a multidisciplinary group, including
a gastroenterologist and a vascular surgeon, as previously
reported.7,24 For this study, patients with previous inter-
ventions of the mesenteric vasculature or aorta and
nonelective patients were excluded, leaving 672 patients
for analysis. Mesenteric artery duplex ultrasound imaging
was performed in 531. In 324 of these, the clinical suspi-
cion of chronic mesenteric ischemia was sustained and mul-
tiplane mesenteric angiography was performed. The duplex
B-mode visualization was classiﬁed good (origin of CA and
SMA clearly visualized without any doubt), moderate
(origin of CA or SMA, or both, identiﬁable with minor
doubt), or poor (origin of CA and SMA not identiﬁable).
Only patients with good interpretable angiograms (with
complete overview angiography and appropriate expiration
and inspiration phases) and duplex scans were included in
this study. The study did not meet the criteria for medical
research with human subjects, as conﬁrmed by the Institu-
tional Review Board. Therefore, an informed consent
procedure was not necessary.
Duplex ultrasound. Patients were scanned with a
3.5 MHz convex sector probe after a fasting episode of
6 hours to prevent postprandial ﬂow changes.26-28
Duplex imaging was performed by registered experienced
vascular technologists, supervised by a vascular surgeon or
radiologist. Investigators were blinded to any angiographic
results. The transabdominal duplex examination was per-
formed in a standardized manner as described previously.29
Doppler measurements were made with a sample size of
5 mm. Velocity measurements were taken with the small-
est, most accurate ﬂow-to-beam angle possible. No mea-
surements were accepted if the angle was greater than 60.Doppler samples were taken during the maximum expira-
tion and inspiration phases of respiration. Peak systolic
velocity (PSV) and end-diastolic velocity (EDV) of the CA
and SMA were determined. The ﬁndings were documented
in written standard case record forms. Cutoff values for
duplex imaging were used as described earlier24: for PSV of
the CA, 205 cm/s during expiration and 182 cm/s during
inspiration; for PSV of the SMA, 220 cm/s during expira-
tion and 169 cm/s during inspiration.
Abdominal angiography. Multiplane intra-arterial
digital subtraction angiography of the abdominal aorta
and its branches enabled multiple oblique projections of
the abdominal aorta and of the origin and outﬂow of the
mesenteric arteries. Angiography was performed during
maximum expiration and inspiration phases of respiration.
The manner in which analysis of angiographic ﬁndings was
performed has been described previously.24 The degree of
stenosis and collateral vascularization on angiography
during expiration and inspiration were determined retro-
spectively and independently by an interventional radiolo-
gist (A.B.H.) and two vascular surgeons (R.H.G., A.V.P.)
who were blinded to the patient’s symptoms and the results
of the duplex ultrasound examination. The degree of ste-
nosis was determined on both selective and nonselective
angiography. In case of stenosis of the origin, nonselective
angiography was more eligible to determine grade of ste-
nosis. In all patients, collaterals were described for type and
grade. A differentiation has to be made between normal
arterial connections of the three mesenteric vessels and
Fig 2. A, Collateral visible on selective injection only (grade 1) in a patient with stenosis of the celiac artery (CA).
B, Collateral visible on nonselective visceral angiography (grade 2) in a patient with stenosis of the CA. GDA,
Gastroduodenal artery; HA, hepatic artery; SA, splenic artery; SMA, superior mesenteric artery.
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interconnecting vessels as collateral when they were both
clearly visible and hypertrophic. Collaterals found were
categorized in one of the following groups: gastroduo-
denal, Buhler, Riolan, and Drummond (Fig 1). For analysis
of data, a new deﬁnition of collaterals is proposed. Col-
laterals were graded as visualized only during selective
angiography (grade 1) or visualized prominently during
nonselective visceral angiography (grade 2) (Fig 2).
Data management and statistical analysis. Interpret-
ability of the duplex and angiography investigations was
documented and categorized as good, moderate, and
poor. In cases of occlusion and absent ﬂow signal, data
were excluded from analysis of the mean values. Compar-
ison of angiograms and duplex ultrasound scans was per-
formed with the same phase of respiration. To studyprevalence of collaterals, ﬁve different groups were
analyzed: patients with normal ﬁndings on angiography,
patients with <70% stenosis of the CA or SMA, patients
with $70% stenosis of the CA and #70% stenosis of the
SMA, patients with $70% stenosis of the SMA and
#70% stenosis of the CA, and patients with $70% steno-
sis of the CA and SMA. A subanalysis was performed in
patients with an angiographically normal SMA and steno-
sis of the CA (normal, <50%, $50%-70%, $70%-99%,
occlusion).
Data were expressed as mean and standard error of the
mean. Independent-samples t test was used for comparison
of duplex parameters between groups. Analysis of variance
with post hoc Tukey test was used for comparison between
multiple groups. All data were analyzed with SPSS 20 (SPSS,
Chicago, Ill). Statistical signiﬁcance was assumed for P< .05.
Table. Distinguished cohort of patients suspected to have chronic mesenteric syndrome with good interpretable
duplex scans
Vessel stenosis Age (range), years No. of patients
Collateral grade Collateral type
% of N Grade 1 Grade 2 GD B R/D
I Normal 50 (18-81) 46 2 1 0 1
II CA and SMA both <70% 51 (14-88) 65 20 11 2 7 1 10
III CA $70% and SMA <70% 43 (15-79) 86 53 25 21 41 5 7
IV SMA $70% and CA <70% 56 (22-72) 10 50 1 4 2 3
V CA and SMA both >70% 61 (44-82) 21 86 3 15 3 1 15
Total 49 (14-88) 228 36 52 42 53 7 36
B, Buhler; CA, celiac artery; GD, gastroduodenal; R/D, arcade of Riolan/Drummond; SMA, superior mesenteric artery.
Data are shown as mean 6 standard error of the mean.
Fig 3. Effect of stenosis in the celiac artery (CA) on duplex velocity parameters of the CA and superior mesenteric
artery (SMA) during expiration. Data are shown as mean 6 standard error of the mean. PSV, Peak systolic velocity.
*P < .005 comparing stenosis vs no stenosis.
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The study cohort consisted of 228 patients suspected
to have chronic mesenteric ischemia and with good
interpretable duplex ultrasound scans and angiograms.
Duplex data for expiration and inspiration were available
in >90% of the patients with an ultrasound assessment of
good interpretability. Normal ﬁndings on angiography
of the CA and SMA were found in 46 patients (20%),
stenosis <70% in both CA and SMA in 65 patients
(29%), stenosis $70% in the CA and <70% in the SMA
in 86 patients (38%), stenosis $70% in the SMA
and <70% in the CA in 10 patients (4%), and stenosis
$70% of both arteries in 21 patients (9%) (Table).Group I: Normal inﬂow of CA and SMA. Com-
pletely normal ﬁndings on angiography of the CA and
the SMA were found in 46 patients. A grade 1 collateral
was observed in one patient with an IMA occlusion
(Table). In this patient, duplex parameters of the CA and
SMA were not different from those of patients with normal
ﬁndings on angiography.
Group II: <70% stenosis in the CA or SMA. In
patients with stenosis <70% in either the CA or SMA,
collateral circulation was observed in 20%. Grade 1 collat-
erals were visualized in 85% of the cases (Table).
No signiﬁcant changes were found in duplex parame-
ters in the angiographically normal CA or SMA in
Fig 4. Patients with an angiographically normal superior mesenteric artery (SMA): effect of grade of celiac artery (CA)
stenosis on SMA peak systolic velocity (PSV) during expiration. Data are shown as mean 6 standard error of the mean.
P ¼ .009, analysis of variance between groups; *P < .05, post hoc Tukey test compared with normal.
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artery (data not shown). Also, the presence of collaterals
did not affect duplex parameters in this group.
Group III: $70% stenosis in the CA. A >70% steno-
sis in the CA with an SMA with <70% stenosis was found
in 86 patients. In 53% of these, one or more collaterals
were present (Table). In 46% of these patients, this was a
grade 2 collateral. The majority (89%) of the observed
collaterals were through the gastroduodenal pathway.
The effect of a$70% stenosis in the CA compared with
patients with <70% stenosis or normal angiography ﬁnd-
ings on duplex parameters in the CA and SMA is shown
in Fig 3 (Supplementary Table I, online only). The increase
in PSV and EDV in the stenotic CA was as expected. How-
ever, in these patients, an increased PSV and EDV in the
not signiﬁcantly stenotic SMA was seen, during both expi-
ration and inspiration (Fig 3 and Supplementary Table I,
online only). To further study the effect of CA stenosis
severity on the SMA blood ﬂow, we performed a subanal-
ysis of patients with an angiographically normal SMA. Of
these 178 patients, during expiration 56 had a normal
CA, 20 patients had a stenosis of >50% to 70%, 67 patients
had a stenosis of >70%, and 5 patients had an occluded
CA. The effect of increasing stenosis of the CA on PSVand EDV of the normal SMA is shown in Fig 4
(Supplementary Table II, online only). Patients with
$70% CA stenosis and a grade 2 collateral had a signiﬁ-
cantly higher PSV in the SMA compared with those
without a collateral (Fig 5 and Supplementary Table III,
online only); with grade 1 collaterals, only a trend toward
higher PSV and EDV in the normal SMA was observed
(Fig 6 and Supplementary Table IV, online only).
Group IV: $70% stenosis in the SMA. A $70% ste-
nosis of only the SMA and not of the CA was found in 10
patients. In ﬁve patients, collaterals were seen on angiog-
raphy, most of them (80%) grade 2.
With a $70% SMA stenosis, the PSV and EDV
increased both in the affected SMA, as expected, and in
the unaffected CA (Fig 7 and Supplementary Table I,
online only). The group of patients with an angiographic-
ally normal CA was small (n ¼ 55), and just four patients
had a concomitant stenosis of $70% in the SMA. These
numbers did not allow further subanalysis in patients
with an angiographically normal CA as performed in
group III.
Group V:$70% stenosis in both the CA and SMA.
Stenosis in both the CA and SMA was observed in 21 pa-
tients. A collateral circulation was observed in 86% of these
Fig 5. Patients with an angiographically normal superior mesenteric artery (SMA) with and without$70% celiac artery
(CA) stenosis: effect of existence of pathologic collateral pathways on SMA peak systolic velocity (PSV) during expi-
ration. Data are shown as mean 6 standard error of the mean. *P < .05 comparing collateral vs no collateral and
stenosis vs no stenosis.
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an arcade of Riolan was visible. The number of patients was
too low to reach statistical signiﬁcance also because of the
higher number of occlusions with consequently no duplex
values.
DISCUSSION
This study is the ﬁrst report of mesenteric arterial
collateral pathways and their inﬂuence on CA and SMA
duplex parameters in relation to mesenteric stenosis in a
large cohort of 228 patients. The data from this study sug-
gest that a stenosis grade $70% in the mesenteric arteries
may be the cutoff for collateral development and increased
compensatory blood ﬂow. Also, it emerges that not all col-
laterals are equal: collaterals observed during nonselective
angiography always indicated important mesenteric steno-
sis, whereas grade 1 collaterals observed during selective in-
jection were predominantly seen in normal and minimally
stenosed vessels. In this study, a Riolan artery was indica-
tive of multivessel disease, whereas gastroduodenal collat-
erals were seen frequently in minimally stenotic vessels.
The distinction between collaterals shown on selective
angiography (grade 1) or nonselective angiography
(grade 2) and their clinical implications have, to our knowl-
edge, not been reported before. The underlying physics in-
volves the relative importance of the blood ﬂow: with
selective injection, the bolus may “push away” the normal
blood ﬂow, whereas collaterals viewed during nonselectiveangiography indicate actual blood ﬂow to the perfusion
areas of the stenotic vessel. Indeed, grade 1 was observed
predominantly in patients with less extensive mesenteric
disease, whereas grade 2 was observed more in patients
with severe stenosis in the CA and SMA. In patients with
grade 2 collaterals, the ﬂow in the unaffected SMA was
higher compared with those with grade 1 collaterals, sup-
porting the idea of compensatory blood ﬂow. It seems plau-
sible that grade 1 collaterals may develop to grade 2 with
increasing stenosis from progressing mesenteric disease.
Collateral ﬂow in patients with an isolated stenosis of
the CA was facilitated mainly through the gastroduodenal
pathway, in line with previous studies of patients with CA
stenosis.12 In the study of Libicher et al,30 balloon occlu-
sion of the CA was used as a pretest for endovascular
covering. The most important collateral vessels observed
in this study were the pancreaticoduodenal arcades and
the dorsal pancreatic artery. The pancreaticoduodenal col-
laterals showed retrograde ﬂow to the gastroduodenal ar-
tery and normal antegrade ﬁlling of the appropriate
hepatic artery. The collaterals via the dorsal pancreatic ar-
tery were mainly responsible for ﬁlling of the splenic artery
but showed also feeding vessels to the hepatic circulation.
In patients with combined CA and SMA stenosis, collateral
circulation was mainly facilitated through the arcade of
Riolan or Drummond. In this group of patients, ﬂow in
the IMA is likely to be higher. In our study, the IMA
was not investigated by standard duplex examination. In
Fig 6. Patients with an angiographically normal superior mesenteric artery (SMA): effect of existence and type of
collateral pathways on SMA duplex velocity parameters. Data are shown as mean 6 standard error of the mean. PSV,
Peak systolic velocity. *P < .05 comparing groups (analysis of variance with post hoc Tukey test) compared with no
collateral.
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duplex parameters was found in the CA and SMA
compared with comparable stenosis in single-vessel disease.
This suggests that collateral ﬂow from the IMA is not suf-
ﬁcient. As the grade of stenosis is comparable, a lower pe-
ripheral resistance in the mesenteric arterial circulation can
only explain the increased PSV.
A differentiation of normal arterial connections be-
tween the three mesenteric vessels has to be made from
pathologic hypertrophic collaterals. We have described col-
laterals on the basis of pattern of ﬁlling, when clearly visible
and hypertrophic. It is likely that these collaterals have
developed or are stimulated by the presence of a stenosis,
stimulated by ischemia. We assume that they arise from
small and physiologic embryonic remnants of interconnect-
ing mesenteric arteries. However, we cannot exclude that
these were already present before development of stenosis.
The fact that these collaterals are not observed in this way
in patients without stenosis, however, makes this unlikely.
Most likely, these connections are available in most patients
to be developed when needed.31 In the study of Kornblith
et al,9 anatomic specimens of a broad selection of patients
were correlated with angiography ﬁndings. An anatomic
incidence of 2% was described for the arc of Buhler and
with a visibility index of 2% infrequently visualized on angi-
ography. Other collateral pathways were not found or
described. The current understanding of collateral networkdevelopment involves a complex remodeling of preexisting
conduit vessels and is probably driven by inﬂammatory pro-
cesses.32 These inﬂammatory processes are triggered by
ischemic events. Because an increase in collateral develop-
ment was seen only in patients with >70% stenosis grade,
this suggests that this is the minimum stenosis grade for
development of ischemia. Whether the presence of collat-
erals is indicative of ischemia development, or conversely,
that the lack of collaterals indicates the absence of ischemia
needs to be conﬁrmed.
The measured increased, compensational, blood ﬂow is
in line with the small studies available.20,21 Both studies
found increased blood ﬂow in the other mesenteric artery
in the presence of SMA occlusion. Increased ﬂow is most
likely to be facilitated by collaterals and consequently
decreased peripheral resistance. The effect of lower periph-
eral resistance on duplex parameters has been documented
in the femoropopliteal bypass. It is known that vasodilating
stimuli (eg, papaverine) are able to increase ﬂow in bypass
grafts.33 In the study of Karacagil et al,34 increase in PSV,
mean velocity, and ﬂow volume was found in autografts.33
This effect has also been demonstrated in allograft by-
passes, pointing to a decreased peripheral resistance causing
an increased ﬂow without change of diameter. In the study
of Boley et al,35 collateral ﬂow was studied in dogs during
experimental reduction of SMA ﬂow. Flow rose in the CA
and IMA after a reduction of ﬂow in the SMA. This rise of
Fig 7. Effect of stenosis in the superior mesenteric artery (SMA) on duplex velocity parameters of the celiac artery
(CA) and SMA during expiration. Data are shown as mean 6 standard error of the mean. PSV, Peak systolic velocity.
*P < .005 comparing stenosis vs no stenosis.
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which evidently shows the function of collaterals. In a study
in dogs after clamping of the SMA, Martin et al36 found an
increase in the rate of ﬂow after the administration of
papaverine. This effect of papaverine was found only in
the presence of collateral vessels. Our ﬁndings are in line
with these observations, although these studies are animal
studies for acute mesenteric ischemia in contrast to our pa-
tient group with suspected chronic mesenteric ischemia.
One consequence of the increased blood ﬂow parame-
ters in the unaffected mesenteric vessel may be an overesti-
mation of the stenosis severity in that vessel. A higher
velocity was found in the nonstenosed mesenteric artery
in patients with an isolated stenosis in both the CA and
SMA. With use of the currently applicable cutoff values
for duplex parameters to deﬁne mesenteric stenoses,24
the ﬂow velocities in the nonaffected vessels would have
been classiﬁed as stenosis. If angiography had not been per-
formed, this would have resulted in a false-positive diag-
nosis (stenosis $70%) in 40% of patients with a single
SMA stenosis and in 7% of patients with a CA stenosis.
Therefore, normal values should be viewed in the context
of the other mesenteric vessel assessment. This also empha-
sizes the importance of B mode. An increased ﬂow velocity
that is not focal or associated with visualized stenosis
should not necessarily be diagnosed as a stenosis. If ﬂow ve-
locities were used without B mode for diagnosis of a 70%stenosis, the percentage of incorrect diagnoses would
have been higher (respectively, 70% and 36%). This could
also explain the differences in published cutoff values for
mesenteric duplex parameters23,24 because a higher pro-
portion of patients with one-vessel stenosis may lead to
more patients with higher ﬂow in nondiseased vessels
within the cohort and thus higher normal cutoff values.
The limitation of this study is the retrospective analysis
during a prolonged time. However, because data on duplex
ultrasound and angiography studies were collected in a
standardized, prospective fashion, this probably has little
effect on the main ﬁndings. Another limitation is that we
included only patients referred for suspected gastrointes-
tinal ischemia; no healthy controls were studied. Finally,
symptoms have not been analyzed for this study but are
subject to further study.CONCLUSIONS
This study shows that mesenteric stenosis above 70%
leads to more collateral development and higher ﬂow
velocities in the unaffected vessel. Collateral vessels seen
on nonselective angiography are indicative of signiﬁcant
mesenteric stenosis. When ﬂow velocities are used as a mea-
sure of mesenteric stenosis, the effect of compensatory
increased blood ﬂow should be taken into account to avoid
false-positive diagnoses.
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Supplementary Table I (online only). Effect of stenosis in either the celiac artery (CA) or superior mesenteric artery
(SMA) on duplex velocity parameters (inspiratory and expiratory) of both vessels
Stenosis in CA
Pa
Stenosis in SMA
Pa
Normal Stenosis $70%
<70%, $70%, <70%, $70%, CA and SMA, CA and SMA,
(n ¼ 121) (n ¼ 107) (n ¼ 197) (n ¼ 31) (n ¼ 46) (n ¼ 21)
PSV, cm/s
CA, expiration 218 6 9 326 6 16 <.0005 251 6 9 352 6 40 .001 193 6 16 417 6 57
CA, inspiration 219 6 9 334 6 26 <.0005 232 6 9 350 6 45 <.0005 204 6 25 451 6 69
SMA, expiration 178 6 8 215 6 11 .006 183 6 6 333 6 42 <.0005 154 6 9 350 6 53
SMA, inspiration 157 6 6 199 6 17 .004 156 6 5 296 6 33 <.0005 135 6 10 343 6 50
EDV, cm/s
CA, expiration 73 6 5 124 6 10 <.0005 88 6 5 139 6 29 .003 63 6 8 176 6 45
CA, inspiration 65 6 4 135 6 17 <.0005 72 6 4 148 6 32 <.0005 56 6 8 209 6 52
SMA, expiration 33 6 2 55 6 6 .0005 37 6 2 117 6 29 <.0005 29 6 3 129 6 41
SMA, inspiration 31 6 2 53 6 9 <.0005 31 6 2 94 6 17 <.0005 25 6 2 115 6 28
EDV, End-diastolic velocity; PSV, peak systolic velocity.
Values are mean 6 standard error of the mean; duplex ultrasonography and angiography compared with same respiration phase.
aComparing stenosis vs no stenosis (t test).
Supplementary Table II (online only). Effect of stenosis in the celiac artery (CA) on duplex velocity parameters
(inspiratory and expiratory) of the normal superior mesenteric artery (SMA)
CA stenosis
PaNormal <50% 50%-<70% 70%-99% Occlusion
Expiration n ¼ 56 n ¼ 30 n ¼ 20 n ¼ 67 n ¼ 5
SMA PSV, cm/s 158 6 9 153 6 13 172 6 13 190 6 10 259 6 61b .009
SMA EDV, cm/s 28 6 2 29 6 3 28 6 2 43 6 4b 58 6 15 .001
Inspiration n ¼ 66 n ¼ 51 n ¼ 25 n ¼ 30 n ¼ 5
SMA PSV, cm/s 137 6 8 153 6 8 146 6 11 159 6 13 187 6 32 .246
SMA EDV, cm/s 26 6 2 30 6 2 23 6 2 35 6 7 41 6 6 .112
EDV, End-diastolic velocity; PSV, peak systolic velocity.
Values are mean 6 standard error of the mean; duplex ultrasonography and angiography compared with same respiration phase.
aComparing different groups (analysis of variance).
bP < .05 (post hoc Tukey test) compared with normal.
Supplementary Table III (online only). Patients with an angiographically normal superior mesenteric artery (SMA)
with and without $70% celiac artery (CA) stenosis: Effect of existence of pathologic collateral pathways on SMA peak
systolic velocity (PSV) during expiration
$70% CA stenosis during expiration
Grade 2 collateral
No Yes P Total
No 159 6 6 (96) 180 6 43 (3) .562 160 6 6
Yes 182 6 9 (54) 236 6 29 (15) .025 194 6 10
P .036 .428 .002
Total 167 6 5 227 6 25 .001
Values are mean PSV (cm/s) 6 standard error of the mean, and values in parentheses are number of patients.
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Supplementary Table IV (online only). Patients with an angiographically normal superior mesenteric artery (SMA):
Effect of existence and type of collateral pathways on SMA duplex velocity parameters
SMA duplex parameters
Collateral
Pa Pb Pc
No
n ¼ 128
Grade 1
n ¼ 31
Grade 2
n ¼ 19
PSV, expiration, cm/s 165 6 6 179 6 13 227 6 25 .591 .068 .002
PSV, inspiration, cm/s 143 6 5 157 6 9 182 6 21 .493 .366 .034
EDV, expiration, cm/s 31 6 2 42 6 7 50 6 8 .080 .472 .005
EDV, inspiration, cm/s 27 6 1 30 6 2 43 6 11 .631 .109 .006
EDV, End-diastolic velocity; PSV, peak systolic velocity.
Values are mean 6 standard error of the mean. Analysis of variance with post hoc Tukey test.
aBetween no collateral and grade 1.
bBetween grade 1 and grade 2.
cBetween no collateral and grade 2.
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